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clinicians to improve their prognoses. To simulate load-adaptive remodelling, however, knowledge
about the physiological external loading acting on the bone is required. Assuming that load adaptation
leads to homogeneous tissue loading, we previously developed a method to estimate the physiological
loading history from bone micro-structural morphology. We were able to reconstruct the loading
history of a simple load case that was applied in an animal experiment. However, we found
considerable inhomogeneity in tissue loading suggesting that the bones were not fully adapted. Also,
we noted differences in bone micro-architecture between animals despite common loading history,
possibly due to differences caused by the stochastic nature of the bone remodelling process. In the
present study, we aim at validating the load estimation algorithm in a well-controlled environment in
which more complicated loading conditions are applied. Speciﬁcally, we want to test its accuracy for
partially and fully developed bone structures and for differences in bone micro-architectures as they
can occur due to stochastic events, even for bones with a common loading history. This was possible by
using synthetic micro-architectures obtained from bone remodelling simulations as the basis for our
load estimation algorithm. Loading histories based on fully adapted structures were predicted with a
maximum error of 4.4% and predictions were not affected by differences in bone micro-architecture.
These results show that our load estimation algorithm produces reasonable predictions and might be a
suitable tool to deﬁne in vivo loading for patient-speciﬁc bone remodelling studies.
& 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Bone is capable of adapting to its mechanical environment by
changing its density and internal micro-architectural organisation
according to the magnitude and directionality of the applied
external forces. This remarkable ability for adapting to loading
is thought to be a result of the orchestrated action of bone cells in
an on-going process called bone remodelling, where bone is
added at high-load locations and removed at low-load locations
(‘Wolff’s law’) (Barak et al., 2011; Forwood and Turner, 1995;
Frost, 1987; Goldstein et al., 1991; Roux, 1881; Rubin and Lanyon,
1987; Schulte et al., 2011; Wolff, 1892). The ability to adapt,
however, can be affected by bone diseases, drugs or other factors
that determine bone cell activity.x: þ31 40 247 37 44.
k.ito@tue.nl (K. Ito),
z.ch (R. Mu¨ller),
sevier OA license.Many researchers have developed theories to explain and
predict the load-adaptive bone remodelling process at the
micro-level. These theories were usually tested with computer
models that can represent the bone micro-architecture and
provide information about bone tissue loading conditions.
Although all these theories assume the adaptation process is
mechanosensitive, the proposed mechanoregulatory processes
differ considerably between theories. In some of these theories,
it is assumed that all bone tissue strives for a mechanical loading
target value by adding or removing bone tissue locally until this
value is reached (Christen et al., 2012a; Cox et al., 2011b; Huiskes
et al., 2000; Ruimerman et al., 2005; Van Oers et al., 2011; Wang
et al., 2012). This approach was also extended to account for
micro-damage accumulation (McNamara and Prendergast, 2007;
Mulvihill and Prendergast, 2008). Other theories assume that
bone is removed or added only if the local loading is below a
lower threshold or above an upper threshold respectively and
remains quiescent in between these two thresholds (Schulte et al.,
2012). Yet other theories assume that the gradients in the stress
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(Adachi et al., 2010, 2001; Tsubota and Adachi, 2005; Tsubota
et al., 2002). Of these theories, the one that assumes a ﬁxed target
value is most sensitive to changes in the external forces acting on
the micro-architecture since both changes in magnitude and
direction will induce remodelling. The other theories are less
sensitive to the actual force magnitude but still require reason-
able estimates of the external forces to produce meaningful
remodelling results.
In combination with high-resolution peripheral quantitative
computed tomography (HR-pQCT), which allows assessing bone
micro-architecture in vivo (Boutroy et al., 2005; Boyd, 2008;
Mueller et al., 2009), computer models of bone remodelling could
be used for patient-speciﬁc bone remodelling simulations. Such
simulations would help clinicians to improve their prognoses
since it would be possible, for example, to predict how the bone
structure of a patient would respond to a certain treatment.
In order to predict patient-speciﬁc load-adaptive bone remo-
delling, however, knowledge about the physiological external
forces that act on the bone thus is required. These forces are
usually not known in vivo. In a previous study, we developed a
method to estimate the physiological loading history from bone
micro-structural morphology (Christen et al., 2012b). With this
method, it is assumed that the load adaptation process will lead
to homogeneous tissue loading. In that situation, the loading
history could be determined by ﬁnding the set of plausible forces
that results in the most homogeneous tissue loading. To do so, an
optimisation procedure was implemented that scales the magni-
tude of the set of plausible forces such that the most homo-
geneous tissue loading is obtained. Using this load estimation
algorithm, we were able to reconstruct the loading history of a
group of mice that had their tail vertebrae loaded in an in vivo
animal experiment (Christen et al., 2012b; Lambers et al., 2011).
Since only axial forces were applied in that animal experiment,
it did not allow us to test the method for more complicated
loading histories. We also found considerable inhomogeneity in
bone tissue loading of approximately 69%, suggesting that the
mice tail vertebrae were only partially adapted to mechanical
loading. This could indicate that the bones were still adapting, or
that the bone micro-architecture in these bones is largely deter-
mined by other factors than mechanical loading. It is not clear to
what extent this partial adaptation would affect the results of the
load estimation algorithm. Further, we noted that considerable
differences in bone micro-architecture exist between animals,
even though they were all subjected to the same loading regime
in the experiment. A possible explanation for this could be that
the bone remodelling process is of stochastic nature to some
extent, e.g. due to random bone resorption/formation to maintain
calcium homoeostasis. Although in the previous experiment mice
of the same strain were used, genetic variation could also lead to
differences in bone micro-architecture. The effects of such differ-
ences in bone micro-architecture, in adapted structures, on the
predictions using the load estimation algorithm are not clear.
Based on these observations, we noted that, particularly for more
complicated loading situations, the previous experimental validation
approach was limited due to at least two reasons. First, if the bone
structures were still developing, the load estimation algorithm, in
the best case, would predict a loading history that reﬂects a mix
between the pre-experimental and experimental loading conditions.
For correct estimations of the loads applied in the experiment,
however, loading should be predicted based on fully adapted bone
micro-architectures and no remaining effect of the initial structure
should exist. Second, since the same loading history will produce
slightly different bone structures, possibly as the result of random
bone resorption/formation, the results of the load estimation algo-
rithm might vary as well. In the experimental design, however, it isdifﬁcult, if not impossible, to separate such a confounding factor
from other confounding factors, such as partial adaptation.
In the present study we aim at validating the load estimation
algorithm in a more controlled environment and for more
complicated loading conditions. Speciﬁcally, we want to test its
accuracy for partially and fully developed bone structures and for
differences in bone micro-architectures as they can occur due to
stochastic events, even for bones with a common loading history.
To do so, we will use synthetic micro-architectures obtained from
bone remodelling simulations rather than real measurements of
bone structures as the basis for our load estimation algorithm. For
these structures, the loading history and the state of adaptation
and development are exactly known.
The ﬁrst purpose of this study was to investigate to what extent
the load estimation algorithm is able to predict the loading history
of bone structures that are fully adapted to the applied loading. To
test this, the loading conditions predicted by the load estimation
algorithm for such structures were compared to those applied
during the remodelling simulations. To determine the ability of
the algorithm to predict loading based on developing bones, also
partially adapted structures were used. The second purpose was to
investigate if predictions of the algorithm are affected by differences
in micro-architectures that may result from random bone resorp-
tion/formation or genetic variation, even when bones were sub-
jected to the same loading history. For this purpose, remodelling
simulations were repeated several times to generate one set of test
structures and performed with different remodelling parameters to
mimic genetic variation to generate another set of test structures.
The estimated loads from the ﬁnal micro-architectures were then
compared to those applied during the remodelling simulations.2. Materials and methods
2.1. Bone remodelling algorithm
To create bone micro-architectures, which are adapted to the applied loading,
we used a previously developed and tested load-driven bone remodelling algo-
rithm (Huiskes et al., 2000; Ruimerman et al., 2005). The remodelling algorithm is
based on the fundamental assumption that osteocytes embedded in the bone
tissue, which has an osteocyte density, n, sense mechanical loading and transmit a
signal to osteoblasts on the bone surface, which form bone accordingly. This
osteocyte signal, P(x, t), is proportional to the local loading, represented as strain
energy density rate and calculated using an element-by-element ﬁnite element
solver (Van Rietbergen et al., 1996). The ﬁnal signal that is received from an
osteoblast at location, x, and time, t, is determined only by osteocytes within a
certain distance, dinf, from the osteoblast and the signal decays with increasing
distance according to the exponential function edinf =D , where D is a constant
describing the osteocyte decay distance. Bone is formed when the signal exceeds a
certain bone formation threshold, k. The volume of bone matrix formed, Vobl, over
time, t, with the formation rate, t, is determined with:
dVobl
dt
¼ t P x,tð Þkð Þ if P x, tð Þ4k ð1Þ
Osteoclasts, on the other hand, are assumed to remove bone at random
location on the bone surface at a rate deﬁned by the osteoclast activation
frequency, focl. At each location, the volume of bone removed is determined by
the resorption volume per cavity, Vres. Thus the volume of bone resorbed, Vocl, over
time, t, is calculated with:
dVocl
dt
¼ f oclVres ð2Þ
Whenever possible, model parameters were deﬁned according to bone
physiological values for the bone remodelling simulations. Bone formation rate, t,
and bone formation threshold, k, were deﬁned empirically based on experience
from earlier simulation studies (Huiskes et al., 2000; Ruimerman et al., 2005) and
in such a way that they led to a reasonable bone turnover (Table 1).
In the ﬁnite element models, bone was assumed as linear elastic material with
a Poisson’s ratio of 0.3 and a Young’s modulus dependent on the voxel’s density m
using a power law E¼Ebmg (Currey, 1988), with the power g¼3.0 and Eb ¼ 5 GPa
the maximum Young’s modulus of bone. Density values were ranging from 0.1 for
marrow and 1.0 for bone (Table 1).
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We recently developed a bone loading estimation algorithm to determine loading
conditions for patient-speciﬁc bone remodelling simulations (Christen et al., 2012b).
The method is based on the assumption that the internal micro-architecture of bone
is adapted to its mechanical environment by adding bone at high-load locations and
removing bone at low-load locations. This ultimately leads to a bone structure inTable 1
Model parameters used in the bone remodelling simulations. Whenever possible,
values were deﬁned according to bone physiology.
Parameter Symbol Unit Value
Osteocyte density n 1
mm3
44,000a
Osteocyte mechanosensitivity m nmol s1
J mm-3s-1mm2
1.0
Osteocyte inﬂuence distance dinf mm 150
Osteocyte decay distance D mm 100b
Bone formation threshold k nmol s-1
mm2
5.0 106
Bone formation rate t mm5
nmol s-1 incr
8.0 108
Resorption volume per cavity Vres mm
3 5.6 105c
Osteoclast recruitment frequency focl 1incr 0.03
Loading frequency f Hz 1.0
Bone stiffness Eb GPa 5.0
b
Poisson’s ratio n – 0.3 b
Material constant g – 3.0d
Increment incr year 0.15e
a Mullender et al. (1996).
b Mullender and Huiskes, (1995).
c Eriksen and Kassem, (1992).
d Currey (1988).
e Watts (1999).
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Fig. 1. The ﬁrst test set represents developing bone partially adapted to loading after 2
(LC1) and a more complex (LC2) load case were applied. In the ﬁrst load case (LC1), norm
In the second load case (LC2), a normal stress of 1.0 MPa in x direction and a stress o
yz-plane are applied.which loading is distributed homogeneously. According to our bone remodelling
theory, the osteocyte signal, P(x, t), is proportional to the local loading and triggers
bone formation. Therefore, we here formulated the criterion of homogeneous bone
tissue loading as a criterion of a uniform distribution of the osteocyte signal on the
bone surface. Based on uniform osteocyte signal distribution, the loading history
is estimated by scaling a set of n predeﬁned unit loads, i, until the summed resultant
osteocyte signal of each load case, Piunit ðxÞ, reaches the most homogeneous distribu-
tion on the bone surface. This is formulated as an optimisation problem by ﬁnding
the scaling factors, si, that minimise the residual function, r(si):
min
si
r sið Þ ¼
Z Xn
i ¼ 1
siPiunit ðxÞ
 c
 !2
dV ð3Þ
where c is a reference value for the uniform surface osteocyte signal during
remodelling equilibrium. Since cavities are constantly formed due to osteoclastic
activity, also in remodelling equilibrium, the average surface osteocyte signal is
higher than the target value k set during remodelling simulations. From test
simulations we determined that the average surface osteocyte signal is 15% higher
due to this effect. Therefore, the reference value for the load estimation was
determined as c¼1.15 k. Scaling factors are ﬁnally calculated using non-negative
linear least square optimisation technique (Lawson and Hanson, 1974). It was
assumed that all loads of a load case act together and equally long per loading cycle,
therefore the loading magnitude, a, was calculated according to ai ¼
ﬃﬃﬃ
si
p
(Christen
et al., 2012b). The surface osteocyte signal for unit load cases, Piunit ðxÞ, was calculated
using the bone remodelling algorithm and these results were exported to a ﬁle.
Scaling factors were then calculated from these results by using a non-negative
linear least square optimisation technique (MATLAB, The MathWorks Inc., Natick
MA, USA).
2.3. Test cases
Three sets of synthetic test-structures were created using the bone remodelling
algorithm (Figs. 1–3). For all simulations a cubic domain of 606060 voxels with a
voxel size of 33 mm was used, which leads to a sample size of 1.981.98
1.98 mm3. In the ﬁrst set (Fig. 1), partially and fully adapted synthetic bone structures
were generated. Remodelling simulations were started from a lattice structure
representing bone development. Simulations were run for 2.4 and 30 years to createyears 30 years
1 mm
.4 years and fully adapted after 30 years of bone remodelling simulation. A simple
al stresses of 1.1, 0.7, and 1.5 MPa are applied in x, y, and z directions, respectively.
f 1 MPa with a loading direction with an angle of 201 relative to the z-axis in the
1 mm
LC1
x
y
z
Fig. 2. The second test set represents different bone micro-architectures with a common loading history and genetics generated due to stochastic differences in the bone
remodelling simulations. Simulations were run for 30 years to fully adapt the structures. The simple load case (LC1) was applied. In this load case, normal stresses of 1.1,
0.7, and 1.5 MPa are applied in x, y, and z directions, respectively.
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since initial simulations demonstrated that the inhomogeneity in bone tissue loading
at this stage was comparable to that found in the earlier animal experiment (Christen
et al., 2012b). In the second set (Fig. 2), synthetic bone structures with different bone
micro-architectures were generated by running 12 bone remodelling simulations
applying the same loading history and using the same remodelling parameters.
Simulations started from a lattice structure and were continued until representing 30
years of remodelling. In the third set (Fig. 3), synthetic bone structures with different
bone micro-architectures were generated by slightly increasing (þ10%) and decreas-
ing (10%) osteoclast recruitment frequency and bone formation rate in order tosimulate some genetic variation. Simulations were started from a lattice structure
and were continued until representing 30 years of remodelling.
In the ﬁrst sets, a simple and a more complex load case were applied whereas in
the second and third sets only the simple load case was used. In the simple load case
(LC1), three normal stresses with different magnitudes were applied. In the complex
load case (LC2), a main loading direction with an angle of 201 relative to the z-axis in
the yz-plane was applied. Stress magnitudes in the order of 1 MPawere used which is
within the physiological range according to direct in vivo strain measurements (Al
Nazer et al., 2012). They are also below what would be considered to cause micro-
damage in trabecular bone (100 MPa) (Nagaraja et al., 2005).
1 mm
LC1
x
y
z
high
low
high
low
Initial structure 30 years
Osteoclast recruitment
frequency
Bone formation rate
Fig. 3. The third test set represents different bone micro-architectures developed due to genetic variation either based on slight differences (710%) in osteoclast
recruitment frequency (a) or bone formation rate (b). Simulations were started from a lattice structure and run for 30 years to fully adapt the structures. The simple load
case (LC1) was applied. In this load case, normal stresses of 1.1, 0.7, and 1.5 MPa are applied in x, y, and z directions, respectively.
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The percentage error for each predicted loading history was calculated to
measure the accuracy of the bone loading estimation method which was
calculated for each stress component of both load cases as
err¼ sestimatedsapplied
1
 
100 ð4Þ
To determine how well the bone structures were adapted to the applied
loading and therefore indicating the inhomogeneity in tissue loading, the coefﬁ-
cient of variation (CV¼SD/mean) of the scaled strain energy density throughout
the bone tissue was calculated (CVsed). Additionally, also the CV of the osteocyte
signal at the bone surface was calculated (CVocy).3. Results
The ﬁrst test set consisted of fully and partially developed
bone structures. For fully developed bone, estimates were within
4.4% considering both load cases. The algorithm also predicted
some loads that were not part of the loading history applied
during bone remodelling. These loads ranged from 0.05 to
0.09 MPa and were therefore much smaller than the applied
loads, which were in the range of 0.34–1.5 MPa. Although the
test-structures were fully adapted, they still showed an inhomo-
geneity in tissue loading with a coefﬁcient of variation of
approximately 43% for strain energy density throughout the bone
Table 2
Estimated loading histories for fully developed bonestructures of the ﬁrst test set.
Stresses, s, are reported in MPa and coefﬁcients of variation, CV, in %.
Load case 1 (LC1) Load case 2 (LC2)
Applied Estimated Error (%) Applied Estimated Error (%)
sx 1.100 1.104 0.355 1.000 0.989 1.105
sy 0.700 0.717 2.410 0.940 0.942 0.235
sz 1.500 1.484 1.060 0.940 0.940 0.015
syz 0.000 0.000 0.342 0.357 4.409
sxz 0.000 0.048 0.000 0.089
sxy 0.000 0.056 0.000 0.063
CVsed 42.65 43.91
CVocy 11.31 9.80
Table 3
Estimated loading histories for partially developed bone structures of the ﬁrst test
set. Stresses, s, are reported in MPa and coefﬁcients of variation, CV, in %.
Load case 1 (LC1) Load case 2 (LC2)
Applied Estimated Error (%) Applied Estimated Error (%)
sx 1.100 1.112 1.091 1.000 1.027 2.660
sy 0.700 0.722 3.151 0.940 0.965 2.658
sz 1.500 1.472 1.873 0.940 0.974 3.606
syz 0.000 0.152 0.342 0.318 7.005
sxz 0.000 0.236 0.000 0.153
sxy 0.000 0.146 0.000 0.196
CVsed 69.13 69.61
CVocy 56.63 54.39
Table 4
Estimated loading histories for bone structures of the second test set generated
due to stochastic differences in the bone remodelling simulations. Stresses, s, are
reported in MPa and coefﬁcients of variation, CV, in %.
Load case 1(LC1)
Applied Estimated Error (%)
sx 1.100 1.102 (0.007)a 0.205 (0.665)a
sy 0.700 0.712 (0.006) 1.676 (0.845)
sz 1.500 1.491 (0.005) 0.567 (0.336)
syz 0.000 0.022 (0.025)
sxz 0.000 0.041 (0.037)
sxy 0.000 0.048 (0.019)
CVsed 43.58 (0.691)
CVocy 10.31 (0.572)
a Values refer to as mean (SD) of 12 bone structures.
Table 5
Estimated loading histories for bone structures of the third test set generated
based on genetic variation due to osteoclast recruitment frequency variation
(710%). Stresses, s, are reported in MPa and coefﬁcients of variation, CV, in %.
Low osteoclast recruitment
frequency
High osteoclast recruitment
frequency
Applied Estimated Error (%) Applied Estimated Error (%)
sx 1.100 1.106 0.527 1.100 1.097 0.264
sy 0.700 0.707 1.066 0.700 0.725 3.529
sz 1.500 1.494 0.433 1.500 1.480 1.320
syz 0.000 0.000 0.000 0.000
sxz 0.000 0.043 0.000 0.063
sxy 0.000 0.096 0.000 0.051
CVsed 43.67 43.71
CVocy 10.60 11.19
Table 6
Estimated loading histories for bone structures of the third test set generated
based on genetic variation due to bone formation rate variation (710%). Stresses,
s, are reported in MPa and coefﬁcients of variation, CV, in %.
Low bone formation rate High bone formation rate
Applied Estimated Error (%) Applied Estimated Error (%)
sx 1.100 1.104 0.355 1.100 1.109 0.845
sy 0.700 0.703 0.486 0.700 0.714 2.053
sz 1.500 1.473 1.800 1.500 1.493 0.473
syz 0.000 0.044 0.000 0.000
sxz 0.000 0.084 0.000 0.000
sxy 0.000 0.030 0.000 0.050
CVsed 43.37 42.70
CVocy 10.45 9.96
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bone surface (CVocy) (Table 2). For partially developed bone, the
predicted loads differed from the ones applied during remodelling
by up to 7.0%. Predicted loads that were not part of the loads
applied during remodelling ranged from 0.15 to 0.24 MPa. These
test-structures showed an inhomogeneity in tissue loading of
approximately 69% for strain energy density throughout the bone
(CVsed) and approximately 55% for the osteocyte signal at the
bone surface (CVocy) (Table 3).
The second test set consisted of bone structures with different
micro-architectures due to random bone resorption/formation.
Estimates were within 2.8% of the applied values and falsely
predicted stresses were ranging from 0.06 to 0.103 MPa, which is
again very small compared to the applied loading (Table 4).
The third test set consisted of bone structures mimicking some
genetic variation. The estimates were within 3.5% of the appliedvalues for the type of genetic variation due to changes in
osteoclast recruitment frequency (Table 5) and within 2.1% for
genetic variation due to changes in bone formation rate (Table 6).4. Discussion
In the present study we aimed at validating a previously
developed load estimation algorithm in a well-controlled envir-
onment where we can use partially and fully developed bone
structures and test different bone micro-architectures with a
common loading history.
The load estimation algorithm predicted successfully the
loading histories of fully adapted and even partially adapted
structures. For the fully adapted structures, estimated loads were
within 4.4% accuracy and although some load components were
predicted that were not part of the actual loading history, their
magnitude was small. It is interesting to note that, although these
test structures were fully developed, they still showed an inho-
mogeneity in tissue loading of 43% based on strain energy density
throughout the bone and 10% based on the osteocyte signal at the
bone surface. This indicates that even in fully load-adapted
structures, considerable inhomogeneity can be expected. In our
simulations this can be due to the fact that the remodelling
process is limited in the structures it can produce. There is also a
continuous perturbation of tissue loading due to the fact that
there is continuous random resorption in the model. But in spite
of this, the load estimation is still accurate. The partially devel-
oped test-structures were generated to obtain an inhomogeneity
in tissue loading of 69% (CVsed) to be in agreement with what we
found in the previous study using data from the animal experi-
ment (Christen et al., 2012b). Using a different load estimation
algorithm that is based on bone density, Kenneth J. Fischer found
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communication). The density-based approach accounts for less
detail, which most likely explains the lower value. The tissue
inhomogeneity is also site-dependent as previous studies show
using our algorithm (Christen et al., 2012, in press). We found
values between 50% and 70% and therefore decided to use a high
tissue loading inhomogeneity in this study to challenge our bone
loading estimation algorithm. Load estimations based on test-
structures with high tissue inhomogeneity of 69% showed a
deviation of up to 7.0% when compared to the loads applied
during remodelling for both load cases and considerable loads
were predicted that were not part of the actual loading history
applied during remodelling. This was expected since the loading
is predicted based on a micro-architecture that is still changing
and thus reﬂects a mixture of the loads that would be predicted
for the initial conﬁguration and for the fully adapted conﬁgura-
tion. Even though the structure is only partially adapted to the
loads applied during remodelling and the actual structure, as
shown in Fig. 1, looks far from the ﬁnal structure, the load
estimation algorithm already provides a very reasonable estima-
tion of these loads. These results show that the load estimation
algorithm is able to accurately predict complicated loading
histories even when the bone is not yet fully adapted. According
to a previous sensitivity analysis of the bone remodelling para-
meters, the error in predicted forces would affect most of the
bone morphometric parameters in a linear fashion (Cox et al.,
2011a). Therefore, assuming a patient which bones are adapted to
daily activity, bone morphology would also be predicted within
an accuracy of 4.4% when using the estimated loading for clinical
bone remodelling simulations.
The small error of up to 2.8% for the estimates based on the set
consisting of different bone micro-architectures with a common
loading history and genetics demonstrates that the bone loading
estimation algorithm is not very sensitive for the stochastic
nature of the bone remodelling process. This result also shows
that differences in bone micro-architecture between animals can
be explained by random bone resorption/formation. Additionally,
when differences in bone micro-architectures were generated by
simulating some genetic variation, the error was small (3.5%) as
well. This shows that differences in bone micro-architecture in
animals with common loading history do not signiﬁcantly affect
the predictions.
Other bone loading estimation algorithms have been devel-
oped as well. A comparison of the accuracy with these studies is
complicated by the fact that they did not perform validation
studies directly comparable to the present one. Instead, they
compared estimates to in vivo measurements or calculated the
difference between bone density distributions measured and the
one predicted with bone remodelling simulations when applying
the estimated loading. For example, loading at the femoral head
was estimated based on the bone density with a 2D model
(Fischer et al., 1999). A peak force of 65% body weight was found
which is below what was measured in vivo using prosthetic
implants. A more recently developed algorithm (Campoli et al.,
2012), also a density-based approach, used a 3D model of the
femur and estimated peak forces of 173% body weight, which is at
the lower end of in vivo measurements. In the same study, initial
bone density distributions were compared to predicted bone
density distributions when applying the estimated loading. Mean
difference of individual voxel densities was between 14% and 35%.
Although these previous studies thus are not directly comparable
to our validation approach, it indicates that our algorithm gives
fairly accurate estimates of bone loading.
The main limitation of this study is that synthetic test structures
were used based on a computational bone remodelling model that is
also based on the assumption that bone strives for homogeneoustissue loading. The results thus provide an upper-limit to the
accuracy of the load estimation algorithm. Obviously, for real bone
structures, in which the micro-architecture might be the result of
other factors than load-adaptive bone remodelling and thus a higher
tissue loading inhomogeneity results, the predictions will be less
accurate. Since we found tissue loading inhomogeneities ranging
from 50% to 70% at different sites in previous studies, we think that
the error calculated for the partially adapted structure in the present
study is close to the upper limit because it is based on a tissue
loading inhomogeneity of 69%.
In conclusion, the results show that our method can provide a
reasonable and fairly robust estimate of the loading conditions
even for bones that are not fully adapted. This suggests that it
might be a suitable tool to determine the in vivo loading condi-
tions that are required for patient-speciﬁc bone remodelling
simulations.Conﬂict of interest
Bert van Rietbergen is a consultant for Scanco Medical AG.Acknowledgements
Funding from the European Union for the Osteoporotic Virtual
Physiological Human Project (VPHOP FP7-ICT2008-223865) is
gratefully acknowledged.
References
Adachi, T., Kameo, Y., Hojo, M., 2010. Trabecular bone remodelling simulation
considering osteocytic response to ﬂuid-induced shear stress. Philosophical
Transactions Series A, Mathematical, Physical, and Engineering Sciences 368,
2669–2682.
Adachi, T., Tsubota, K., Tomita, Y., Hollister, S.J., 2001. Trabecular surface remodel-
ing simulation for cancellous bone using microstructural voxel ﬁnite element
models. Journal of Biomechanical Engineering 123, 403–409.
Al Nazer, R., Lanovaz, J., Kawalilak, C., Johnston, J.D., Kontulainen, S., 2012. Direct
in vivo strain measurements in human bone—a systematic literature review.
Journal of Biomechanics 45, 27–40.
Barak, M.M., Lieberman, D.E., Hublin, J.J., 2011. A wolff in sheep’s clothing:
trabecular bone adaptation in response to changes in joint loading orientation.
Bone 49, 1141–1151.
Boutroy, S., Bouxsein, M.L., Munoz, F., Delmas, P.D., 2005. In vivo assessment of
trabecular bone microarchitecture by high-resolution peripheral quantitative
computed tomography. Journal of Clinical Endocrinology and Metabolism 90,
6508–6515.
Boyd, S.K., 2008. Site-speciﬁc variation of bone micro-architecture in the distal
radius and tibia. Journal of Clinical Densitometry 11, 424–430.
Campoli, G., Weinans, H., Zadpoor, A.A., 2012. Computational load estimation of
the femur. Journal of the Mechanical Behavior of Biomedical Materials 10,
108–119.
Christen, P., Ito, K., Ellouz, R., Boutroy, S., Chapurlat, R., van Rietbergen, B., 2012.
Local changes due to bone remodelling are triggered by mechanical loading,
Proceedings of the 2012 annual meeting of the american society for bone and
mineral research (ASBMR), Minneapolis, Minnesota, USA, 12-15 October,
SA0071.
Christen, P., Ito, K., Knippels, I., Mu¨ller, R., van Lenthe, G.H., van Rietbergen, B.
Subject-speciﬁc bone loading estimation in the human distal radius. Journal of
Biomechanics, http://dx.doi.org/10.1016/j.jbiomech.2012.11.016, in press.
Christen, P., Ito, K., Muller, R., Rubin, M.R., Dempster, D.W., Bilezikian, J.P., van
Rietbergen, B., 2012a. Patient-speciﬁc bone modelling and remodelling simu-
lation of hypoparathyroidism based on human iliac crest biopsies. Journal of
Biomechanics 45, 2411–2416.
Christen, P., van Rietbergen, B., Lambers, F.M., Mu¨ller, R., Ito, K., 2012b. Bone
morphology allows estimation of loading history in a murine model of bone
adaptation. Biomechanics and Modeling in Mechanobiology 11, 483–492.
Cox, L.G., van Rietbergen, B., van Donkelaar, C.C., Ito, K., 2011a. Analysis of bone
architecture sensitivity for changes in mechanical loading, cellular activity,
mechanotransduction, and tissue properties. Biomechanics and Modeling in
Mechanobiology 10, 701–712.
Cox, L.G., van Rietbergen, B., van Donkelaar, C.C., Ito, K., 2011b. Bone structural
changes in osteoarthritis as a result of mechanoregulated bone adaptation: a
modeling approach. Osteoarthritis and Cartilage 19, 676–682.
Currey, J.D., 1988. The effect of porosity and mineral content on the Young’s
modulus of elasticity of compact bone. Journal of Biomechanics 21, 131–139.
P. Christen et al. / Journal of Biomechanics 46 (2013) 941–948948Eriksen, E.F., Kassem, M., 1992. The cellular basis of bone remodelling. Sandoz
Journal of Medical Science 31, 45–57.
Fischer, K.J., Jacobs, C.R., Levenston, M.E., Cody, D.D., Carter, D.R., 1999. Proximal
femoral density patterns are consistent with bicentric joint loads. Computer
Methods in Biomechanics and Biomedical Engineering 2, 271–283.
Forwood, M.R., Turner, C.H., 1995. Skeletal adaptations to mechanical usage:
results from tibial loading studies in rats. Bone 17, 197S–205S.
Frost, H.M., 1987. Bone ‘‘mass’’ and the ‘‘mechanostat’’: a proposal. The Anatomical
Record 219, 1–9.
Goldstein, S.A., Matthews, L.S., Kuhn, J.L., Hollister, S.J., 1991. Trabecular bone
remodeling: an experimental model. Journal of Biomechanics 24 (Suppl. 1),
135–150.
Huiskes, R., Ruimerman, R., van Lenthe, G.H., Janssen, J.D., 2000. Effects of
mechanical forces on maintenance and adaptation of form in trabecular bone.
Nature 405, 704–706.
Lambers, F.M., Schulte, F.A., Kuhn, G., Webster, D.J., Muller, R., 2011. Mouse tail
vertebrae adapt to cyclic mechanical loading by increasing bone formation
rate and decreasing bone resorption rate as shown by time-lapsed in vivo
imaging of dynamic bone morphometry. Bone 49, 1340–1350.
Lawson, C.L., Hanson, R.J., 1974. Solving Least Squares Problems. SIAM.
McNamara, L.M., Prendergast, P.J., 2007. Bone remodelling algorithms incorporat-
ing both strain and microdamage stimuli. Journal of Biomechanics 40,
1381–1391.
Mueller, T.L., Stauber, M., Kohler, T., Eckstein, F., Muller, R., van Lenthe, G.H., 2009.
Non-invasive bone competence analysis by high-resolution pQCT: an in vitro
reproducibility study on structural and mechanical properties at the human
radius. Bone 44, 364–371.
Mullender, M.G., Huiskes, R., 1995. Proposal for the regulatory mechanism of
Wolff’s law. Journal of Orthopaedic Research 13, 503–512.
Mullender, M.G., Huiskes, R., Versleyen, H., Buma, P., 1996. Osteocyte density and
histomorphometric parameters in cancellous bone of the proximal femur in
ﬁve mammalian species. Journal of orthopaedic research : ofﬁcial publication
of the Orthopaedic Research Society 14, 972–979.
Mulvihill, B.M., Prendergast, P.J., 2008. An algorithm for bone mechanorespon-
siveness: implementation to study the effect of patient-speciﬁc cell mechan-
osensitivity on trabecular bone loss. Computer Methods in Biomechanics and
Biomedical Engineering 11, 443–451.Nagaraja, S., Couse, T.L., Guldberg, R.E., 2005. Trabecular bone microdamage and
microstructural stresses under uniaxial compression. Journal of Biomechanics
38, 707–716.
Roux, W., 1881. Der Kampf der Theile im Organismus: Ein Beitrag zur vervollsta¨n-
digung der mechanischen Zweckma¨ssigkeitslehre. W. Engelmann, Leipzig.
Rubin, C.T., Lanyon, L.E., 1987. Kappa delta award paper. Osteoregulatory nature of
mechanical stimuli: function as a determinant for adaptive remodeling in
bone. Journal of Orthopaedic Research 5, 300–310.
Ruimerman, R., Hilbers, P., van Rietbergen, B., Huiskes, R., 2005. A theoretical
framework for strain-related trabecular bone maintenance and adaptation.
Journal of Biomechanics 38, 931–941.
Schulte, F.A., Lambers, F.M., Kuhn, G., Muller, R., 2011. In vivo micro-computed
tomography allows direct three-dimensional quantiﬁcation of both bone
formation and bone resorption parameters using time-lapsed imaging. Bone
48, 433–442.
Schulte, F.A., Zwahlen, A., Lambers, F.M., Kuhn, G., Ruffoni, D., Betts, D., Webster,
D.J., Muller, R., 2013. Strain-adaptive in silico modeling of bone adaptation—A
computer simulation validated by in vivo micro-computed tomography data.
Bone 52 (1), 485–492.
Tsubota, K., Adachi, T., 2005. Spatial and temporal regulation of cancellous bone
structure: characterization of a rate equation of trabecular surface remodeling.
Medical Engineering and Physics 27, 305–311.
Tsubota, K., Adachi, T., Tomita, Y., 2002. Functional adaptation of cancellous bone
in human proximal femur predicted by trabecular surface remodeling simula-
tion toward uniform stress state. Journal of Biomechanics 35, 1541–1551.
Van Oers, R.F., Van Rietbergen, B., Ito, K., Huiskes, R., Hilbers, P.A., 2011.
Simulations of trabecular remodeling and fatigue: is remodeling helpful or
harmful? Bone 48, 1210–1215.
Van Rietbergen, B., Weinans, H., Huiskes, R., Polman, B.J.W., 1996. Computational
strategies for iterative solutions of large FEM applications employing voxel data.
International Journal for Numerical Methods in Engineering 39, 2743–2767.
Wang, H., Ji, B., Liu, X.S., Guo, X.E., Huang, Y., Hwang, K.C., 2012. Analysis of
microstructural and mechanical alterations of trabecular bone in a simulated
three-dimensional remodeling process. Journal of Biomechanics 45, 2417–2425.
Watts, N.B., 1999. Clinical utility of biochemical markers of bone remodeling.
Clinical Chemistry 45, 1359–1368.
Wolff, J., 1892. Das Gesetz der Trasnformation der Knochen. Hirschwald, Berlin.
